
US 20070255891A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2007/0255891 A1 

Chow et al. (43) Pub. Date: NOV. 1, 2007 

(54) 

(75) 

(73) 

(21) 

(22) 

(63) 

HIGH-SPEED CONTROLLER FOR 
PHASE-CHANGE MEMORY PERIPHERAL 
DEVICE 

Inventors: David Q. Chow, San Jose, CA (US); 
Charles C. Lee, Cupertino, CA (US); 
Frank Yu, Palo Alto, CA (US) 

Correspondence Address: 
STUART T AUVINEN 
429 26TH AVENUE 
SANTA CRUZ, CA 95062-5319 (US) 

Assignee: SUPER TALENT ELECTRONICS 
INC., San Jose, CA (US) 

Appl. No.: 11/770,642 

Filed: Jun. 28, 2007 

Related US. Application Data 

Continuation-in-part of application No. 11/748,595, 
?led on May 15, 2007. 
Continuation-in-part of application No. 10/818,653, 
?led on Apr. 5, 2004, noW Pat. No. 7,243,185. 

Continuation-in-part of application No. 11/754,332, 
?led on May 28, 2007. 

Publication Classi?cation 

(51) Int. Cl. 
G06F 12/00 (2006.01) 

(52) US. Cl. ............................................................ .. 711/103 

(57) ABSTRACT 

Peripheral devices store data in non-volatile phase-change 
memory (PCM). PCM cells have alloy resistors With high 
resistance amorphous states and low-resistance crystalline 
states. The peripheral device can be a Multi-Media Card/ 
Secure Digital (MMC/SD) card. A PCM controller accesses 
PCM memory devices. Various routines that execute on a 
CPU in the PCM controller are activated in response to 
commands in the host-bus transactions. The PCM system 
increases the throughput of one or more phase-change 
memory devices by performing one or more of a read-ahead 
memory operation, a Write-ahead memory Write operation, a 
larger page memory Write operation, a Wider data bus 
memory Write operation, a multi-channel concurrent multi 
bank interleaving memory read or Write operation, a Write 
cache memory Write operation, and any combination 
thereof. 
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HIGH-SPEED CONTROLLER FOR 
PHASE-CHANGE MEMORY PERIPHERAL 

DEVICE 

RELATED APPLICATION 

[0001] This application is a continuation-in-part of the 
co-pending application for “Flash-Memory System With a 
High-Speed Memory Controller”, U.S. Ser. No. 10/818,653, 
?led Apr. 5, 2004, and “Peripherals Using Phase-Change 
Memories”, U.S. Ser. No. 11/754,332, ?led May 28, 2007, 
and “Local Bank Write Bulfers for Accelerating a Phase 
Change Memory”, U.S. Ser. No. 11/748,595 ?led May 15, 
2007. 

FIELD OF THE INVENTION 

[0002] This invention relates to phase-change memories, 
and more particularly to high-speed controllers for phase 
change memories. 

BACKGROUND OF THE INVENTION 

[0003] Computer code, instructions, user data and other 
kinds of data have been stored in main memories and 
peripheral memories that employ a Wide variety of tech 
nologies. Main memories often use dynamic-random-access 
memory (DRAM), While faster cache memories and on-chip 
memories may use static random-access memory (SRAM). 
Read-only-memory (ROM) may use fuses or masked metal 
options, or may use electrically-erasable programmable 
read-only memory (EEPROM) cells. These are randomly 
accessible memories since individual Words can be read or 
Written Without disturbing nearby data. Often individual 
bytes may be Written. 

[0004] Mass storage memory is block-addressable, Where 
a block of 512 or more bytes must be read or Written together 
as a block. Individual Words of 64 bytes or less cannot be 
separately Written Without re-Writing the Whole 512-byte 
block. Mass storage devices include rotating magnetic disks, 
optical disks, and EEPROM arranged as ?ash memory. 

[0005] Traditionally, ?ash memory has been used for 
non-volatile storage. Another kind of non-volatile memory, 
phase-change memory, Was discovered in the 1960’s, and 
Was even Written about in a paper in Electronics magaZine 
in September 1970 by the founder of Intel Corp., Gordon 
Moore. HoWever, despite the long-felt need, this 40-year-old 
technology has not yet been Widely used in personal com 
puters and other systems. 

[0006] Phase-change memory (PCM) uses a layer of chal 
cogenide glass that can be sWitched betWeen a crystalline 
and an amorphous state. The chalcogenide glass layer can be 
an alloy of germanium (Ge), antimony (Sb), and tellurium 
(Te). This alloy has a high melting point, Which produces the 
amorphous state When cooled from the melting point. HoW 
ever, When the solid alloy is heated from the amorphous 
state, the alloy transforms into a crystalline state at a 
crystallization temperature than is beloW its melting point. 
Such heating can be provided by an electric current through 
the alloy. The state change may occur rapidly, such as in as 
little as 5 nanoseconds. 

[0007] One problem With phase-change memory is that 
Write times are data-sensitive. Writing a 1 into a PCM cell 
may require 100 ns, While Writing a 0 to a PCM cell may 
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require only 5 or 10 ns. The cell read time may be relatively 
short, such as 2-10 ns. Thus Writing a 1 to a cell may require 
10 times longer than Writing a 0 to the cell. 

[0008] What is desired is a phase-change memory that 
compensates for asymmetric Write times. A phase-change 
memory that is designed for data-sensitive Write delays is 
desired. A high performance, high Write-throughput phase 
change memory is desirable, both at the chip level and at a 
sub-system level of multiple PCM chips. A PCM controller 
With improved performance for reads and Writes is further 
desired. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 shoWs a phase-change memory cell. 

[0010] FIG. 2 is a graph of current and time to transform 
states in a phase-change memory cell. 

[0011] FIG. 3 shoWs an array of phase-change memory 
cells. 

[0012] FIG. 4 shoWs a phase-change memory. 

[0013] FIG. 5 
memory. 

shoWs an interleaved phase-change 

[0014] FIG. 6 shoWs local Write latching at the interleaved 
banks forming a PCM array. 

[0015] FIG. 7 is a Waveform of concurrent Writes using 
local Write latches at interleaved banks of phase-change 
memory. 

[0016] FIG. 8 is a block diagram of a solid-state-storage 
device that has a PCM controller and a PCM device. 

[0017] FIG. 9 is a block diagram of a SD controller for a 
phase-change memory solid state disk (SSD). 

[0018] FIG. 10 is a block diagram of a Secure-Digital/ 
Multi-Media Card (SD/MMC) controller for a phase-change 
memory device. 

[0019] FIG. 11 is a block diagram of a dual-channel 
solid-state-storage device that has a PCM controller and a 
PCM device. 

[0020] FIG. 12 shoWs a dual-channel PCM peripheral 
device. 

[0021] FIG. 13 is a high-level timing diagram of a mul 
tiple-block host read operation. 

[0022] FIG. 14 is a detailed timing diagram of a phase 
change memory read operation. 

[0023] FIG. 15 shoWs a timing diagram of a typical 
memory read operation. 

[0024] FIG. 16 shoWs a timing diagram of a read-ahead 
memory read operation. 

[0025] FIG. 17 shoWs a timing diagram of a dual-channel 
concurrent memory read operation. 

[0026] FIG. 18 shoWs a high-level timing diagram of a 
multiple-block host Write operation. 

[0027] FIG. 19 shoWs a detailed timing diagram of a 
phase-change memory Write operation. 

[0028] FIG. 20 shoWs a timing diagram of a typical 
memory Write operation. 
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[0029] FIG. 21 is a timing diagram of a Write-ahead 
memory Write operation. 

[0030] FIG. 22 is a timing diagram of a dual-channel 
concurrent memory Write operation. 

[0031] FIG. 23 is a timing diagram of a Write-cache 
memory Write operation. 

DETAILED DESCRIPTION 

[0032] The present invention relates to an improvement in 
Phase-Change Memory. The following description is pre 
sented to enable one of ordinary skill in the art to make and 
use the invention as provided in the context of a particular 
application and its requirements. Various modi?cations to 
the preferred embodiment Will be apparent to those With 
skill in the art, and the general principles de?ned herein may 
be applied to other embodiments. Therefore, the present 
invention is not intended to be limited to the particular 
embodiments shoWn and described, but is to be accorded the 
Widest scope consistent With the principles and novel fea 
tures herein disclosed. 

[0033] Phase-Change MemoryiFIGS. 1-4 

[0034] FIG. 1 shoWs a phase-change memory cell. Phase 
change memory (PCM) uses a layer of chalcogenide glass 
that can be sWitched betWeen a crystalline and an amorphous 
state. The chalcogenide glass layer can be an alloy of 
germanium (Ge), antimony (Sb), and tellurium (Te). This 
alloy has a high melting point, Which produces the amor 
phous state When cooled from the melting point. HoWever, 
When the solid alloy is heated from the amorphous state, the 
alloy transforms into a crystalline state at a crystalliZation 
temperature than is beloW its melting point. Such heating 
can be provided by an electric current through the alloy. The 
state change may occur rapidly, such as in as little as 5 
nanoseconds. 

[0035] In FIG. 1, When alloy resistor 10 is in the crystal 
line state, its resistivity is loW. The crystalline state repre 
sents a logic high or l.A PCM memory cell has alloy resistor 
10 in series With select transistor 12 betWeen a bit line BL 
and a voltage V. When V is a loW voltage such as ground, 
and Word line WL is driven high, the bit-line voltage is 
pulled from a high pre-charged state to ground through 
select transistor 12 and alloy resistor 10 due to the loW 
resistance of alloy resistor 10. 

[0036] When alloy resistor 10' is in the amorphous state, 
its resistivity is high. The amorphous state represents a logic 
loW or 0. Another PCM memory cell has alloy resistor 10' in 
series With select transistor 12' betWeen a bit line BL and a 
voltage V. When V is a loW voltage such as ground, and 
Word line WL is driven high, the bit-line voltage remains in 
its high or pre-charged state, since the high resistance of 
alloy resistor 10' limits current through select transistor 12'. 

[0037] Note that the assignment of logical 0 and logic 1 
states to the crystalline and amorphous states is arbitrary. 
The crystalline state could be assigned logical l or logical 0, 
With the amorphous state having the opposite logical value. 

[0038] Alloy resistor 10 may be a small layer that is 
integrated With select transistor 12, such as a layer over or 
near the source terminal of transistor 12. Alternately, alloy 
resistor 10 may be a separate resistor device, such as a 
patterned line or snaking line betWeen the source of select 
transistor 12 and ground. 
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[0039] When a high current is passed through alloy resis 
tor 10, the alloy can transform from the crystalline state into 
the amorphous state. The high current creates resistive 
heating in alloy resistor 10 and the melting temperature is 
rapidly reached, causing the crystal to melt into a liquid. 
Upon rapid cooling, alloy resistor 10 solidi?es into the 
amorphous state since there is little time for crystals to groW 
during cooling. 

[0040] When a loWer current is passed through alloy 
resistor 10 for a long period of time, the crystalline tem 
perature is reached or exceeded. HoWever, the current is not 
sufficient to cause the higher melting temperature to be 
reached. The amorphous alloy begins to crystalliZe over this 
long time period. For example, small crystal domains Within 
the amorphous state may groW and absorb other domains 
until alloy resistor 10 contains one or just a feW crystal 
domains. 

[0041] Thus alloy resistor 10' transforms from the high 
resistance amorphous state into the loW-resistance crystal 
line state by applying a moderate current for a relatively long 
period of time, alloWing the crystal to groW at the crystalline 
temperature. Alloy resistor 10 transforms from the loW 
resistance crystalline state into the high-resistance amor 
phous state by applying a high current for a relatively short 
period of time, alloWing the crystal to melt into an amor 
phous blob at the melting temperature. 

[0042] FIG. 2 is a graph of current and time to transform 
states in a phase-change memory cell. Amorphous state 14 
is reached When a high current (the reset current) is applied 
for a time of T(WRO). Crystalline state 16 is reached When 
a moderate current, the set current, is applied for a longer 
period of time T(WR1). These states are retained When 
currents beloW the moderate current are applied, or When 
currents are applied for short periods of time. State trans 
formations, or partial state transformations, may occur When 
the full currents and times are not both met, such as applying 
the set current for less than the set time. These partial state 
transformations are undesirable. 

[0043] The PCM cell can safely be read by applying a 
loWer read current for a short period of time. For example, 
the read current can be less than either the set or reset 
currents. Reading 18 has the read current applied for less 
than the set or reset times, T(WR1), T(WRO), respectively. 
For example, the read time T(READ) can be less than half 
of the reset time, and the read current can be less than half 
of the set current. The reset current can be double or more 

the set current, and the set time can be double, triple, 5x, or 
more of the reset time. 

[0044] Since the set time T(WR1) is so much longer than 
the reset time T(WRO), the time to Write a memory cell is 
dependent on the data itself. Since data often contains both 
l’s and O’s, both setting and resetting can occur for the same 
data Word. The reset time can overlap With the longer reset 
time, alloWing both set and reset to overlap in time. Then the 
overall Write time is determined by the longer set period of 
time. 

[0045] FIG. 3 shoWs an array of phase-change memory 
cells. Word lines WLO:3 are applied to the gates of select 
transistors 12, While bit lines BLO:2 connect to the drains of 
select transistors 12. Alloy resistors 10 are in series betWeen 
the sources of select transistors 12 and a cell voltage V, 
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Which could be ground, power, or some other voltage, and 
could be switched on and off, such as for poWer doWn or to 
disable an array or block. 

[0046] Alloy resistors 10 each can be in a high-resistance 
amorphous state, or in a loW-resistance crystalline state. The 
current draWn from a bit line by select transistor 12 and alloy 
resistor 10 in the selected Word line (roW) is sensed by sense 
ampli?ers 20 and ampli?ed and buffered to generate the data 
read from the cell. The current draWn through alloy resistor 
10 is less than or equal to the read current. 

[0047] During Writing, sense ampli?ers 20 activate bit-line 
drivers that drive the set or reset current onto the bit lines and 
through the selected alloy resistor. After the current is 
applied for the set or reset time, alloy resistor 10 is trans 
formed into the neW state, either the amorphous or crystal 
line state. One cell per column is Written, since only one of 
the Word lines is activated at a time. Columns being Written 
into the 0 state have the reset current applied to the bit line 
for the reset time period, While columns being Written into 
the 1 state have the set current applied for the set time 
period. 
[0048] FIG. 4 shoWs a phase-change memory. APCM chip 
may include some or all of the blocks shoWn in FIG. 4, and 
other blocks, or some of the functions may be performed by 
a separate PCM controller. 

[0049] PCM cells 110 form an array of roWs and columns 
of select transistors and alloy resistors that change betWeen 
crystalline and amorphous phase states. The high and loW 
resistance values of the 2 phase states are sensed by sense 
ampli?ers 134 When a read current is draWn through a 
selected roW of PCM cells. Word line drivers 128 drives one 
roW or Word line in PCM cells 110 While the other roWs are 
disabled. A roW portion of an address applied to address 
decoder 112 is further decoded by X decoder 124 to select 
Which roW to activate using Word line drivers 128. 

[0050] A column portion of the address applied to address 
decoder 112 is further decoded by Y decoder 132 to select 
a group of bit lines for data access. Data bulfers 126 may be 
a limited Width, such as 64 bits, While PCM cells may have 
a larger number of bit lines, such as 8x64 columns. One of 
the 8 columns may be selected by Y decoder 132 for 
connection to data buffers 126. 

[0051] During Writing, external data is collected by data 
bulfers 126 and applied to Write drivers 136. Write drivers 
136 generate voltages or currents so that the set currents are 
applied to bit lines for PCM cells that are to be Written With 
a 1, While higher reset currents are applied to bit lines for 
PCM cells to be reset to 0. 

[0052] Set, reset voltage timer 138 includes timers that 
ensure that the set currents are applied by Write drivers 136 
for the longer set period of time, While the reset currents are 
applied for the shorter reset time period, and Write drivers 
136 for reset PCM cells are disabled after the reset time 
period. Both set and reset currents could be applied at the 
same time, such as for a period that the reset pulse overlaps 
the longer set pulse. Altemately, set and reset pulses could 
be non-overlapping. This may reduce peak currents, but 
increase Write time. Since the reset time is perhaps one-tenth 
of the set time, Write delays may increase by 10% or more. 

[0053] State machines 122 can activate set, reset voltage 
timers 138 and cause control logic 120 to disable Write 
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drivers 136 after the set and reset time periods have expired. 
State machines 122 can generate various internal control 
signals at appropriate times, such as strobes to pre-charge bit 
lines and latch sensed data into data bulfers 126. 

[0054] Command register 114 can receive commands that 
are decoded and processed by control logic 120. External 
control signals such as read/Write, data strobes, and byte 
enables may also be received in some embodiments. Com 
mand register 114 may be replaced by a command decoder 
in some embodiments. PoWer management unit 116 can 
poWer doWn blocks to reduce poWer consumption, such as 
When the PCM chip is de-selected. Since PCM cells 110 are 
non-volatile, data is retained When poWer is disconnected. 

[0055] There may be several arrays of PCM cells 110 and 
associated logic on a large PCM chip. An array-select 
portion of the address can be decoded by address decoders 
112 to enable one of the many arrays or blocks on the PCM 
chip. 

[0056] PCM Bank lnterleavingiFlGS. 5-7 

[0057] The inventors have realiZed that performance may 
be enhanced by interleaving arrays or banks of phase-change 
memories. lnterleaving alloWs different banks to alternately 
Write data during overlapping periods of time. To further 
improve the effectiveness of interleaving, local latching of 
Write data at the banks alloWs the Write data to be stored as 
close as possible to the memory cells being Written. Data 
lines betWeen banks are then freed up for transferring data 
to other banks. Thus the necessary routing resources can be 
reduced While still improving performance. The asymmetric 
Write delays can be compensated for by interleaving and 
local Write buffering. 

[0058] FIG. 5 shoWs an interleaved phase-change 
memory. A l mega-bit memory is arranged as 16 banks, With 
each bank having lM/l6=64K bits. Each ofthe 16 banks has 
256 Word lines (roWs) and 256 bit lines. The 256 bit lines can 
be arranged as 32 l-byte columns. 

[0059] FIG. 6 shoWs local Write latching at the interleaved 
banks forming a PCM array. The input address is divided 
into 3 parts. The upper 8 address bits in X-decode buffer 34 
are applied to X-decoders to each of banks 30. The X-de 
coders select one of the 256 Word lines in each of banks 30. 

[0060] The middle 5 address bits in Y-decode buffer 36 are 
applied to Y-decoders to each of banks 30. The Y-decoders 
select one of the 32 byte-Wide columns of bits lines in each 
of banks 30. 

[0061] The loWer 4 address bits in bank-address buffer 37 
select one or more of the 16 banks for access. Additional 
logic, such as control logic or address sequencing logic (not 
shoWn), may alter the 4 address bits in bank-address buffer 
37 to activate several of banks 30 at the same time to Write 
in multiple bytes at a time. 

[0062] Each bank 30 in the PCM array has an X-decoder 
and a Y-decoder to select one byte of memory cells for 
reading or Writing. Sense ampli?ers (SEN) each sense a pair 
of bit lines that connect to the memory cell to read a bit of 
data. The read data can be latched or bu?fered by read latch 
RLAT before being transferred over data lines to read buffer 
42 through array data mux 38. Read data from read buffer 42 
is driven off-chip by output buffers 46. 


























